We examined the elution behavior of isoluminol isothiocyanate (ILITC)-labeled biomolecules (α-amino acids, peptides, and proteins) in an open-tubular capillary chromatography system using an untreated fused-silica capillary tube and a water-acetonitrile-ethyl acetate mixture carrier solution. Such an open-tubular capillary chromatography is called "tube radial distribution chromatography (TRDC)" for convenience. A mixture of ILITC and ILITC-labeled biomolecules was analyzed using TRDC with chemiluminescence detection that provided simple instrument without a light source and complex optical devises. The ILITC and the labeled twenty α-amino acids were separated, in this order or the reverse order, or not separated with an organic solvent-rich and water-rich carrier solution. Their elution behavior was considered to be of hydrophilic or hydrophobic nature of ILITC and the labeled α-amino acids. The ILITC and the labeled protein, alcohol dehydrogenase and bovine serum albumin, were separated in this order with an organic solvent-rich carrier solution, while they were eluted in the reverse order with a water-rich carrier solution, based on the TRDC separation performance. The TRDC system worked with the untreated open-tubular capillary tube not using any specific capillary tubes, such as coated, packed, or monolithic.
Introduction
Valuable investigations with respect to miniaturization have been conducted in the field of liquid chromatography; e.g., capillary liquid chromatography or capillary chromatography. Capillary chromatography is generally performed with fused-silica capillary tubes that are ca. 50 -100 μm in inner diameter. Capillary chromatography techniques, including capillary electrochromatography, 1, 2 micellar electrokinetic capillary chromatography, 3, 4 and capillary liquid chromatography using packed and monolithic columns, [5] [6] [7] have been investigated as powerful separation tools. They require specific treatments or procedures, such as applying a high voltage, the addition of additives, and packing agents.
Capillary chromatography using open fused-silica capillary tubes has also been investigated. Most of these studies, however, used coated or modified capillary tubes. [8] [9] [10] [11] [12] [13] [14] We also modified the inner walls with specific functional groups or molecules, such as phenylboronic acid, iminodiacetic acid, and antibodies for capillary chromatography to take advantage of specific interactions between the solutes and the modified walls. [15] [16] [17] [18] The coating of the inner walls required for separation in chromatography is both a time-consuming and laborious procedure. Recently, capillary chromatography using open fused-silica capillary tubes that were not specially coated or modified have been reported. [19] [20] [21] [22] [23] We have proposed to use ternary mixed solvents of a water-hydrophilic/hydrophobic organic mixture as a carrier solution together with an untreated capillary tube made of fused-silica, polyethylene, or poly(tetrafluoroethylene). We call this open-tubular capillary chromatography "tube radial distribution chromatography (TRDC)" for convenience, which works under laminar-flow conditions. [24] [25] [26] When ternary mixed solvents of a water-hydrophilic/ hydrophobic organic solvent mixture are delivered into a microspace under laminar flow conditions, the solvents molecules are radially distributed in the microspase, generating inner and outer phases. This phenomenon is called the "tube radial distribution phenomenon (TRDP)". [27] [28] [29] The TRDP creates a liquid-liquid interface; it is kinetic, not static. The TRDP is a novel concept of phase formation in a microspace under laminar-flow conditions.
Open-tubular capillary chromatography, i.e., the TRDC, was developed based on TRDP, where the outer phase acts as a pseudo-stationary phase in chromatography.
This TRDP was experimentally and theoretically supported and explained based on data, fluorescence photographs of fluorescent dyes dissolved in ternary mixed solvents, 27, 29 the elution behavior of hydrophilic and hydrophobic solutes in capillary tubes, [24] [25] [26] 28 phase diagrams of the ternary mixed solvents, 28, 29 and phase transitions from homogeneous to heterogeneous (including two phases) in a capillary tube under pressure. 29 The relationship between the thickness and the diffusion coefficient in the outer phase in the capillary tube in TRDP was also calculated from theoretical equations using numerical values for the analytical conditions and experimental data. 30 Tentatively, the data obtained by the TRDC system were also compared and discussed with those obtained by capillary zone electrophoresis. 31 To date, various mixtures of hydrophilic and hydrophobic analytes have been separated using the TRDC system. 24, 25, 28 However, most of these have been organic compounds with low molecular weights: 1-naphthol and 2,6-naphthalenedisufonic acid are typical model analytes. Sinse investigations of the TRDC system have just begun, it is important to examine the elution behavior of various analytes with the system to expand our knowledge regarding its separation performance. In this study, for the first time, we challenged to examine the elution behavior of biomolecule analytes, isoluminol isothiocyanate (ILITC)-labeled α-amino acids, peptides, and proteins, in the TRDC system with chemiluminescence (CL) detection. We briefly described preliminary results of this investigation in a previous communication.
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Experimental
Reagents and capillary tubes
Water was purified using an Elix 3 UV (Millipore Co.). All reagents used were commercially available and of analytical grade. Acetonitrile, ethyl acetate, hydrogen peroxide solution (30 wt%), twenty α-amino acids, glycine, glycylglycine, glycylglycylglycine, glycylglycylglycylglycine, and alcohol dehydrogenase from yeast (ADH) (Mw 140000) were purchased from Wako Pure Chemical Industries, Ltd. Isoluminol isothiocyanate (ILITC) and bovine serum albumin (BSA) (Mw 66000) were purchased from Tokyo Chemical Industry Co., Ltd. and Sigma-Aldrich Chemical Co., respectively. A fused-silica capillary tube (untreated or silanol group-intact; 75 μm i.d. and 150 μm o.d.) was purchased from GL Science.
Apparatus and procedures
A schematic representation of the present TRDC system with CL detection is shown in Fig. 1 . The system consists of a fused-silica capillary tube (70 cm in length), a microsyringe pump (MF-9090; Bioanalytical Systems, Inc.), and a CL detector (Model EN-21; Kimoto Electric Co., Ltd.) that takes advantage of the luminol reaction. A flow CL detection cell (0.5 mm i.d. polytetrafluoroethylene (PTFE) tube) 33 was used in this system.
A water-acetonitrile-ethyl acetate mixture was prepared in a volume ratio of 3:8:4 as an organic solvent-rich carrier solution or in a volume ratio of 15:3:2 as a water-rich carrier solution, where the water component was 10 mM phosphate buffer at pH 7.0 or 10 mM carbonate buffer at pH 10.8 or 11.8, including 4 μM microperoxidase. α-Amino acids, peptides, and proteins were labeled with ILITC as follows. Biomolecule (0.5 μmol) and ILITC (1.0 μmol) were dissolved in a solution of watertriethylamine (95:5 volume ratio) (100 μL). The mixture was stirred for 1 min and left in the dark for 20 min. After evaporation of the solvent, the residue was redissolved in the carrier solution (1 mL) to give an analyte solution, including excess (or free)-ILITC and ILITC-labeled biomolecules.
The analyte solution was injected into the capillary tube inlet by gravity from a height of 25 cm for 10 s. The analytes were then delivered into the capillary tube with the carrier solution using a microsyringe pump at a flow rate of 0.5 μL min -1 . An oxidant reagent solution of 50 mM hydrogen peroxide (10 mM carbonate buffer, pH 10.8 or 11.8) was delivered at a flow rate of 10 μL min -1 to the capillary outlet where the analytes were mixed with the reagents to generate CL. The analytes of the mixture were confirmed with the individual peaks on the chromatograms.
Results and Discussion
Preliminary experiments
In the TRDP an organic solvent-rich carrier solution generates an organic solvent-rich inner phase and a water-rich outer phase, while a water-rich carrier solution results in a water-rich inner phase and an organic solvent-rich outer phase. That is, a major inner phase is formed around the center of the tube away from the inner wall and a minor outer or capillary wall phase is generated near the inner wall. In the TRDC separation system, the analytes that are delivered through the capillary tube are distributed between the inner and outer phases created by the TRDP, undergoing chromatographic separation where the outer phase works as a pseudo-stationary phase in chromatography. The analytes that are distributed in the outer phase would also interact with an inner-wall surface of the capillary tube.
As preliminary experiments, an excess (or free)-ILITC and ILITC-labeled aspartic acid mixture was examined by the present TRDC system with CL detection. The CL detection features a simple instrument without a light source and complex optical devises, and is useful for analytes possessing a low absorption property.
The carrier solutions, the organic solvent-rich and the water-rich solutions, were prepared by using three different aqueous solutions: 10 mM phosphate buffer (pH 7.0) and 10 mM carbonate buffer (pH 10.8 and 11.8). ILITC and ILITC-labeled aspartic acid were not separated with both carrier solutions using the 10 mM phosphate buffer (pH 7.0). Although, ILITC and ILITC-labeled aspartic acid were separated with the organic solvent-rich solution in this order, they were not separated with the water-rich carrier solution using a 10 mM carbonate buffer (pH 10.8 and 11.8).
From the data, ILITC-labeled aspartic acid was found to be more hydrophilic than ILITC in the TRDC system with the organic solvent-rich solution using a 10 mM carbonate buffer (pH 10.8 and 11.8).
A labeling reaction between ILITC and biomolucules possessing an amino group, such as amino acids, peptides, and proteins, is performed; the isothiocyanate group of ILITC reacts with the amino group to produce the labeled molecules under the conditions described in the Experimental sections. The pH value influences the hydrophilic and hydrophobic natures of the analytes, ILITC and ILITC-labeled biomolecules, through dissociation and protonation of the functional groups of the molecules. However, the pH in an aqueous-organic solvent solution cannot be treated in similar way as to an aqueous solution. In the following experiments, ternary mixed carrier solutions were prepared by using a 10 mM carbonate buffer (pH 11.8), which might effect dissociation of the carboxyl groups of biomolecules.
Typical chromatograms obtained for α-amino acids
Twenty α-amino acids were labeled with ILITC. The mixtures including free-ILITC and ILITC-labeled α-amino acid were subjected to the present TRDC system. Typical chromatograms obtained for cysteine, aspartic acid, phenylalanine, and tyrosine are shown in Fig. 2 . ILITC and ILITC-labeled cysteine were eluted with the organic solvent-rich carrier solution in this order, while they were separated in the reverse order with the water-rich carrier solution. Also, ILITC and ILITC-labeled aspartic acids were eluted with the organic solvent-rich carrier solution in this order, while they were not separated with the water-rich carrier solution.
From the results and the TRDC separation performance, ILITC-labeled cysteine and aspartic acid could be more hydrophilic than ILITC under the present TRDC conditions.
On the other hand, ILITC and ILITC-labeled phenylalanine were eluted with the organic solvent-rich carrier solution in the reverse order, while they were separated in this order with the water-rich carrier solution. Also, ILITC and ILITC-labeled tyrosine were separated with the organic solvent-rich carrier solution in the reverse order, while they were not separated with the water-rich carrier solution. From the results and the TRDC separation performance, ILITC-labeled phenylalanine and tyrosine could be more hydrophobic than ILITC under the present TRDC conditions. 
Separation performance of α-amino acids
From the obtained chromatograms, the twenty ILITC-labeled α-amino acids were classified according to their nature into the three types: more hydrophilic than ILITC, like LITC-labeled cysteine and aspartic acid; more hydrophobic than ILITC, like LITC-labeled phenylalanine and tyrosine; and almost equal hydrophilic or hydrophobic nature to ILITC, which showed no separation between ILITC and ILITC-labeled α-amino acid on the chromatograms.
The three types were denoted as "hydrophilic", "hydrophobic", and "neutral" compared to ILITC nature for convenience. The classification of ILITC-labeled α-amino acids nature is summarized in Table 1 . Here, excess ILITC was estimated to almost react with active function groups of α-amino acids through a labeling reaction. α-Amino acids other than alanine, leucine, and asparagine that were expressed by "neutral" were separated by the TRDC system with the organic solvent-rich carrier solution. Also, α-amino acids other than alanine, isoleucine, leucine, asparagine, Fig. 3 Chromatograms of a mixture of ILITC and ILITC-labeled glycine or peptides obtained by the present TRDC system. ILITC-labeled glycine and peptides concentration, 50 mM. Other conditions are the same as in Fig. 2 .
serine, methionine, tyrosine, aspartic acid, glutamic acid, lysine, and arginine, which were "neutral", were separated by the system with the water-rich carrier solution. As a rough tendency for the labeled α-amino acids separation performance in the present TRDC system, shown in the table, neutral amino acids, such as aliphatic amino acids, aromatic amino acids, and heterocyclic compound amino acids were labeled "hydrophobic". However, neutral amino acids, such as oxy amino acid and sulfur-containing amino acid, as well as, acidic amino acid and basic amino acids were labeled "hydrophilic". The classification of the data in Table 1 was reasonable and consistent with the molecular structures of ILITC-labeled α-amino acids.
Separation of peptides
Glycine, glycylglycine, glycylglycylglycine, and glycylglycylglycylglycine were reacted with ILITC, and the obtained mixture solutions were examined by the TRDC system. The chromatograms are shown in Fig. 3 .
With the organic solvent-rich carrier solution, ILITC-labeled glycine and peptides were first eluted; secondly, ILITC was detected. However, with the water-rich carrier solution they were eluted in the reverse order, but mixtures of ILITC and ILITC-labeled glycylglycylglycylglycine were not separated. From the results, roughly speaking, ILITC was more hydrophobic than the ILITC-labeled glycine and peptides. Tentatively, the mixture including ILITC, the labeled glycine, and the three labeled-peptides was subjected to the TRDC system with the organic solvent-rich carrier solution. The obtained chromatogram is shown in Fig. 4 . The elution order was as follows: first, ILITC-labeled glycylglycylglycylglycine, secondly ILITC-labeled glycine, ILITC-labeled glycylglycine, and ILITC-labeled glycylglycylglycine (these three analytes were not separated), thirdly ILITC; the order was consistent with the elution behavior observed in Fig. 3 . 
Separation of protein
The chromatograms of the mixture of ILITC and ILITC-labeled BSA were examined by TRDC with the organic solvent-rich and water-rich carrier solutions. ILITC and ILITC-labeled BSA were separated and detected in this order with the organic solvent-rich carrier solution, while they were detected in the reverse order with the water-rich carrier solution. 32 Clearly, the elution times of the analytes were changed by altering the component ratios of the carrier solvents. The mixture of ILITC and ILITC-labeled ADH was also analyzed with the TRDC system; these components showed similar elution behaviors to the labeled BSA on the chromatograms. The elution orders obtained for the mixture of ILITC and ILITC-labeled BSA or ADH were reasonable, considering the free-ILITC to be more hydrophobic than the ILITC-labeled protein.
Separation of biomolecules mixture
We examined the mixture of ILITC, ILITC-labeled ADH, and ILITC-labeled BSA with the present TRDC system. The obtained chromatograms are shown in Fig. 5a ).
ILITC, ILITC-labeled ADH, and ILITC-labeled BSA were detected in this order with the organic solvent-rich carrier solution, while they were eluted in the reverse order with the water-rich carrier solution. The orders of analyte elution on the chromatograms indicated that the hydrophilicity of the ILITC-labeled BSA must be larger than that of the ILITC-labeled ADH. The isoelectric points of BSA and ADH are 4.8 and 5.8, respectively. 34 It is difficult to describe the dissociation and protonation of carboxyl groups and amino groups on the labeled proteins in an aqueous-organic solvent mixture. However, for the moment, the difference in gaps between the isoelectric points (4.8 for BSA and 5.8 for ADH) and pH 11.8 of the water component in the carrier solution seemed to be consistent with the nature of the hydrophilicity or hydrophobicity of the labeled proteins observed on the chromatograms.
The mixture of ILITC, ILITC-labeled glutamic acid, ILITC-labeled ADH, and ILITC-labeled BSA was also examined with the TRDC system with luminol CL detection. The obtained chromatograms are shown in Fig. 5b) . ILITC, ILITC-labeled glutamic acid, ILITC-labeled ADH, and ILITC-labeled BSA were detected in this order with the organic solvent-rich carrier solution, while they were eluted in the reverse order with the water-rich carrier solution. The elution orders obtained for the mixture of ILITC and ILITC-labeled biomolecules were reasonable, considering the free-ILITC to be more hydrophobic than the ILITC-labeled biomolecules. The elution orders for ILITC-labeled glutamic acid, ILITC-labeled ADH, and ILITC-labeled BSA on the chromatograms could indicate the hydrophilicity or hydrophobicity of these ILITC-labeled biomolecules.
Conclusions
Biomolecules, α-amino acids, peptides, and proteins, were labeled with ILITC for analysis using the TRDC with the CL detection system. Separation was carried out using an untreated open-tubular fused-silica capillary tube and a wateracetonitrile-ethyl acetate mixture carrier solution without any additives, such as gels; specific columns, such as packed and monolithic; or applying a high voltage. Detection was also simply performed by CL detection without using a light source and complex optical devises. The separation performance of free-ILITC and ILITC-labeled biomolecules gave interesting information about the hydrophilic or hydrophobic nature in the labeling biomolecules. ILITC, ILITC-labeled α-amino acid, ILITC-labeled protein in the mixture solution were separated and confirmed by the individual peaks on the chromatograms. TRDC has mostly been applied to the analysis of organic compounds with low molecular weights. The results obtained for biomolecules, especially, biopolymer analysis considered here provide insight to expand the TRDC system to future research.
